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The chaperone function of the mammalian 70-kDa heat shock proteins Hsc70 and Hsp70 is modulated by
physical interactions with four previously identified chaperone cofactors: Hsp40, BAG-1, the Hsc70-interacting
protein Hip, and the Hsc70-Hsp90-organizing protein Hop. Hip and Hop interact with Hsc70 via a tetratri-
copeptide repeat domain. In a search for additional tetratricopeptide repeat-containing proteins, we have
identified a novel 35-kDa cytoplasmic protein, carboxyl terminus of Hsc70-interacting protein (CHIP). CHIP
is highly expressed in adult striated muscle in vivo and is expressed broadly in vitro in tissue culture. Hsc70
and Hsp70 were identified as potential interaction partners for this protein in a yeast two-hybrid screen. In
vitro binding assays demonstrated direct interactions between CHIP and both Hsc70 and Hsp70, and com-
plexes containing CHIP and Hsc70 were identified in immunoprecipitates of human skeletal muscle cells in
vivo. Using glutathione S-transferase fusions, we found that CHIP interacted with the carboxy-terminal
residues 540 to 650 of Hsc70, whereas Hsc70 interacted with the amino-terminal residues 1 to 197 (containing
the tetratricopeptide domain and an adjacent charged domain) of CHIP. Recombinant CHIP inhibited
Hsp40-stimulated ATPase activity of Hsc70 and Hsp70, suggesting that CHIP blocks the forward reaction of
the Hsc70-Hsp70 substrate-binding cycle. Consistent with this observation, both luciferase refolding and
substrate binding in the presence of Hsp40 and Hsp70 were inhibited by CHIP. Taken together, these results
indicate that CHIP decreases net ATPase activity and reduces chaperone efficiency, and they implicate CHIP
in the negative regulation of the forward reaction of the Hsc70-Hsp70 substrate-binding cycle.

Multiprotein complexes, the product of protein-protein in-
teractions, participate in varied essential cellular processes,
including cell signaling, gene regulation, protein assembly and
degradation, and mechanical events such as sarcomere short-
ening. Conserved structural motifs have evolved to facilitate
the interaction of specific proteins in the assembly of these
complexes. The tetratricopeptide repeat (TPR) domain is one
such protein-protein interaction motif that was originally iden-
tified by sequence comparisons among yeast proteins (14, 33).
The TPR domain consists of a 34-amino-acid motif with a
loose consensus and is present, usually as multiple tandem
repeats, in proteins with many cellular functions, including
mitosis, transcription, protein transport, and development (re-
viewed in references 12 and 22). Structural analysis of the TPR
domain demonstrates that it forms two a-helical regions sep-
arated by a turn, such that apposed bulky and small side chains
form a “knob and hole” structure (7, 14). The hydrophobic
surface of this structure mediates protein-protein interactions
between TPR- and non-TPR-containing proteins.

A number of TPR-containing proteins participate in inter-
actions with the major members of the heat shock protein
family, Hsp70, Hsc70, and Hsp90, and are necessary for the
appropriate regulation of protein folding and transport. The
TPR domains of protein phosphatase 5, cyclophilin 40 (CyP-
40), and FKBP52 mediate binding of these proteins to Hsp90
so that they may assist in trafficking of nuclear hormone re-

ceptors (20). A different set of proteins with TPR domains
interacts with Hsc70 and Hsp70. Hsc70-interacting protein
(Hip; also known as p48) binds to the ATPase domain of
Hsc70, stabilizes the ADP-bound conformation, and increases
the affinity for substrate proteins (17). Hsc70-Hsp90-organiz-
ing protein (Hop; also known as p60 or Sti1) serves as a
coupling factor that facilitates the cooperation between Hsc70
and Hsp90, although it does not directly assist in chaperoning
functions (31, 34). In contrast to Hip, Hop interacts with the
carboxy-terminal domain of Hsc70 (8).

In addition to Hip, at least two other proteins regulate the
reaction cycle of mammalian Hsc70 and Hsp70. Hsp40 stimu-
lates the ATPase activity of Hsc70 and thus promotes the
conversion of ATP-bound, low-substrate-affinity Hsc70 to
ADP-bound, high-substrate-affinity Hsc70 (reviewed in refer-
ence 15). The reverse reaction, which involves exchange of
ATP for ADP and loss of substrate affinity, was recently shown
to be facilitated by the antiapoptotic protein BAG-1 (16, 35,
39). Whereas Hip inhibits this reverse reaction and stabilizes
the ADP-bound conformation, no cellular inhibitors of the
forward reaction of the Hsc70 cycle have been identified.

Because TPR-containing proteins in general play diverse
and important roles in cellular function, we assayed for the
presence of novel TPR-containing proteins in the human
heart. In this report, we present the cloning and characteriza-
tion of CHIP (carboxyl terminus of Hsc70-interacting protein).
CHIP is highly conserved across species and is expressed pref-
erentially in adult striated muscle and brain. The amino-ter-
minal region contains three tandem TPR domains that are
similar to such domains in other chaperone accessory mole-
cules. Using the yeast two-hybrid system, we have identified
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CHIP as an interaction partner with Hsc70 and Hsp70. Bio-
chemical assays demonstrate that recombinant CHIP nega-
tively regulates ATPase and chaperone activities of heat shock
proteins, making CHIP an interaction partner with this class of
proteins and a candidate negative regulator of the Hsc70-
Hsp70 substrate-binding cycle.

MATERIALS AND METHODS

cDNA cloning of human, mouse, and Drosophila CHIP. A fragment corre-
sponding to nucleotides 721 to 1150 of the human CyP-40 cDNA (21) was
radiolabeled with [a-32P]dCTP and used to screen a phage library of human
heart cDNA in the vector lgt11 (Clontech) as described elsewhere (29). Phage
colonies that hybridized preferentially under low-stringency (42°C) but not high-
stringency (55°C) final washes were analyzed. Of 12 colonies characterized, 8
contained human CyP-40 cDNA sequences and 4 encoded a sequence with no
homology to known genes. This sequence was analyzed using BLAST 2.0 and the
GenBank databases, and three human expressed sequence tag (EST) sequences
were found to be identical to the cDNA sequence obtained by phage screening:
clones 548268, 177869, and 647520. Clones 548268 and 177869 contained poly-
adenylated sequence at the 39 end. Plasmids containing these EST sequences
were obtained from Genome Systems, Inc. The 59 end of the cDNA was defined
by 59 rapid amplification of cDNA ends using human heart mRNA and primers
designed on the basis of EST sequences. Products of these reactions, as well as
plasmids containing EST fragments, were sequenced as described previously
(29), and a single contiguous sequence was assembled. Homologous mouse and
Drosophila melanogaster cDNAs were identified in a similar manner, based on
EST clones 525111 and 846365 (for mouse) and LD 16049 (for Drosophila).
Sequence comparisons were made by using GeneWorks 2.5.1 software (Intelli-
Genetics, Inc.).

Cell culture and mRNA isolation. Saos-2 human osteosarcoma cells, HeLa
human epidermoid carcinoma cells, HepG2 human hepatoma cells, human fi-
broblasts, U937 human histiocytic lymphoma cells, RD human embryonal rhab-
domyosarcoma cells, IM-9 human lymphoblastoid cells, HCN-1A human neuro-
nal cells, and COS-7 monkey kidney-derived cells were obtained from the
American Type Culture Collection. Primary-culture human skeletal muscle and
aortic smooth muscle cells were obtained from Clonetics Corp. Primary-culture
human umbilical vein endothelial cells, also obtained from Clonetics, were grown
in endothelial growth medium containing 2% fetal calf serum (Clonetics). All
other cell types were cultured in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal calf serum as described elsewhere (29). Total RNA from
cells in culture was prepared by guanidinium isothiocyanate extraction and cen-
trifugation through cesium chloride (29).

Northern blot analysis. RNA blots were hybridized as described elsewhere
(29). Total RNA (10 mg) from cells in culture was fractionated on a 1.3%
formaldehyde-agarose gel and transferred to a nitrocellulose filter. Multiple-
tissue Northern blots were purchased from Clontech. Full-length human CHIP
(hCHIP) and b-actin cDNAs were labeled with 32P by random priming and used
to hybridize filters. Filters were autoradiographed for 16 h on Kodak XAR film
at 280°C.

Intracellular localization. Full-length hCHIP cDNA was inserted into the
green fluorescent protein (GFP) fusion vector pEGFP-C3 (Clontech) to create
plasmid pEGFP-CHIP. Plasmid pEGFP-GKLF (400-483), expressing a fragment
of the gut-enriched Krüppel-like factor (GKLF) as a fusion with GFP, was a gift
from Janiel M. Shields (The Johns Hopkins University School of Medicine) and
served as a control for nuclear localization. Plasmid pEGFP-C3, expressing GFP
alone, served as a control for nonlocalized expression. Plasmids (2 mg) were
transfected into COS-7 cells by the Lipofectin method (Life Technologies) as
described elsewhere (38). After 48 h, cells were examined for GFP expression by
direct epifluorescence using a Nikon Diaphot 300 microscope.

In vitro transcription-translation and recombinant protein production. 35S-
labeled in vitro-transcribed and -translated proteins were produced by using a
T7- or T3-coupled rabbit reticulocyte lysate system (Promega) according to the
manufacturer’s instructions. To determine the molecular mass at which native
hCHIP migrates, clone 526948, which contains the entire open reading frame of
the hCHIP cDNA in pBluescript SK, was used. For binding assays, the human
open reading frame was inserted into vector pCITE-4a (Novagen) as a 43-kDa
S-tagged fusion to optimize in vitro translation.

The open reading frame of hCHIP was inserted in frame into vector pET-30a
(Novagen) as a His-tagged fusion to create plasmid pET-hCHIP. Glutathione
S-transferase (GST) fusions were created by inserting the entire open reading
frame or appropriate restriction fragments in frame in vector pGEX KG (Phar-
macia) to create plasmids pGST-hCHIP (1-303), pGST-hCHIP (1-142), pGST-
hCHIP (1-197), pGST-hCHIP (143-303), and pGST-hCHIP (198-303). GST
fusion plasmids pGEXHsc70-(1-540), pGEXHsc70-(373-540), pGEXHsc70-
(373-650), and pGEXHsc70-(540-650), containing the indicated fragments of
Hsc70, were a kind gift from Ernst Ungewickell (Washington University School
of Medicine) and have been previously described (37). Plasmid pGEX-2T (Phar-
macia), expressing GST alone, served as a control. Recombinant proteins were
expressed in Escherichia coli BL21. The cells were grown for 4 h at 37°C, then 1
mM isopropyl-1-thio-b-D-galactopyranoside was added, and the cells were grown

5 h at 37°C. Bacteria were lysed by sonication. GST fusion proteins were purified
by affinity chromatography on glutathione-Sepharose 4B (Pharmacia) according
to the manufacturer’s instructions. His-tagged recombinant proteins were puri-
fied by Ni21 chelation chromatography. Recombinant BAG-1 produced in a
baculovirus expression system was generously provided by Jörg Höhfeld (Max
Planck Institute, Munich, Germany). Protein concentrations of recombinant
proteins were determined by a modified Lowry procedure (DC protein assay;
Bio-Rad) and were confirmed by sodium dodecyl sulfate (SDS)-polyacrylamide
gel fractionation of samples followed by Coomassie blue staining.

Yeast two-hybrid system. A yeast two-hybrid screen (13) was performed with
the MATCHMAKER two-hybrid system (Clontech). Full-length hCHIP was
produced as a fusion with the GAL4 DNA-binding domain in plasmid pAS2-1
and used as a bait. A human heart cDNA library in pACT2, which expresses
fusions with the GAL4 activation domain, was screened for potential prey in the
yeast strain CG-1945. A total of 2.5 3 106 transformants were screened. The
screen is dependent on interactions between the bait and prey to complement
His auxotrophy. Of 15 His1/Trp1/Leu1 colonies obtained, 10 were also LacZ1.
pACT2-based plasmids from these colonies were isolated from yeast, trans-
formed into bacteria, and candidate cDNA inserts were sequenced.

Binding assays. To test for interactions between Hsc70 domains and in vitro-
translated hCHIP, binding assays were performed with 3 mg of pGEXHsc70
deletion mutants bound to glutathione-Sepharose 4B beads and 3 ml of in vitro
translation mixture containing 35S-labeled hCHIP. Binding assays were per-
formed in binding buffer (50 mM NaCl with 1 mg of bovine serum albumin per
ml) with rocking for 30 min at 4°C. Beads were pelleted at 1,500 3 g for 5 min
and washed four times with 0.1% Nonidet P-40 in phosphate-buffered saline. The
final pellet was resuspended in 23 Laemmli reducing buffer. Duplicate SDS–
12% polyacrylamide gels were run; one gel was stained by Coomassie blue and
dried in cellophane, while the other was dried onto 3MM chromatography paper
for autoradiography. Additional in vitro binding assays were performed with 1 mg
of purified or recombinant protein (Hsc70, Hsp70, or Hsp40) and 15 mg of GST
fusion protein (pGEXHsc70 or pGST-hCHIP) bound to glutathione-Sepharose
4B beads in binding buffer. After binding, washing and electrophoresis as de-
scribed above, gels were transferred to nitrocellulose. Bound proteins were
detected by immunoblotting. Bovine Hsc70, human Hsp70, and human Hsp40
were obtained from Stressgen Biotechnologies Corp.

Immunoblotting. To ensure protein transfer, blots were stained with fast green
(Sigma), destained with Milli-Q water, and blocked in 5% dry milk–TBST (20
mM Tris, 150 mM NaCl, 0.05% Tween 20) for 1 h at room temperature. Blots
were washed three times in TBST and incubated with the appropriate protein-
specific primary antibody for 2 h in TBST. Following three washes in TBST, blots
were incubated for 1 h with the appropriate horseradish peroxidase-conjugated
anti-immunoglobulin G (IgG) secondary antibody in TBST. Immunoreactive
protein bands were detected by chemiluminescence. Mouse anti-human Hsp70-
Hsc70 monoclonal antibodies (clone N27F3-4) and rabbit anti-human Hsp40
polyclonal antibodies were from Stressgen Biotechnologies. All horseradish per-
oxidase-conjugated anti-IgG secondary antibodies were from Sigma.

Antisera. Polyclonal antisera were generated in rabbits against recombinant
hCHIP, coupled to keyhole limpet hemagglutinin by standard procedures. Pre-
immune serum from inoculated rabbits served as a control. The antiserum
(hCHIP-3067) was shown to be specific for hCHIP in whole-cell lysates by
Western blotting with competing protein (1a).

Immunoprecipitation. To test for in vivo binding partners, confluent 150-mm-
diameter dishes of human skeletal muscle cells were lysed in 0.75 ml of radio-
immunoprecipitation assay buffer (150 mM NaCl, 50 mM Tris [pH 7.5], 1 mM
EGTA, 0.25% sodium deoxycholate, 1% Nonidet P-40, 1 mM sodium orthovana-
date, protease inhibitors). After a 10-min incubation on ice, cells were scraped
and centrifuged at 13,000 3 g for 10 min to remove cellular debris. The protein
concentration of the whole-cell lysate was determined, and equal amounts of
lysate were incubated with the appropriate antibodies (rabbit anti-hCHIP anti-
serum, rabbit preimmune serum, mouse anti-Hsp70/Hsc70-agarose conjugate, or
a mouse IgG-agarose conjugate specific for nitric oxide synthase as a negative
control) overnight at 4°C. The anti-hCHIP and preimmune serum complexes
were incubated with protein A-Sepharose beads for 2 h at 4°C, and all complexes
were pelleted at 3,000 3 g for 3 min. The beads were washed three times with
radioimmunoprecipitation assay buffer and once with phosphate-buffered saline
and resuspended in 23 Laemmli reducing buffer. The samples were separated on
8% polyacrylamide gels by SDS-polyacrylamide gel electrophoresis (PAGE),
transferred to nitrocellulose, and immunoblotted as described above for the
presence of Hsp70-Hsc70 and CHIP. The mouse anti-Hsp70-Hsc70-agarose con-
jugate (W27) and the nitric oxide synthase-agarose conjugate were purchased
from Santa Cruz Biotechnology. Mouse anti-human Hsp70-Hsc70 monoclonal
antibodies (clone 3a3) used for immunoblotting in these experiments were pur-
chased from Affinity Bioreagents.

ATPase activity. ATPase assays were carried out as described by Boice and
Hightower (4). Hsc70, Hsp70, Hsp90, and Hsp40 proteins were obtained from
Stressgen Biotechnologies. Briefly, duplicate 25-ml reaction mixtures contained
1.25 mg of heat shock protein (Hsc70, Hsp70, Hsp40, and/or Hsp90), 50 mM
ATP, and 1 mCi of [g-32P]ATP (3,000 Ci/mmol; NEN/Dupont) in the presence
or absence of 1 mg of recombinant hCHIP in buffer C (20 mM HEPES, 10 mM
(NH4)2SO4, 25 mM KCl, 2 mM magnesium acetate, 0.1 mM EDTA, 0.1 mM
dithiothreitol [DTT]). One series of experiments was performed with 10 mg of
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hCHIP; no difference in ATPase activity was observed compared with experi-
ments performed with 1 mg (not shown). At the beginning of the reaction time
and after 20 min, 8 ml was removed from each reaction tube and placed into 0.25
ml of acidified, activated charcoal (50 mM HCl, 5 mM H3PO4, and 7% [wt/vol]
activated charcoal), which binds the free nucleotide. These tubes were centri-
fuged at 4,000 rpm for 20 min at 20°C. Duplicate 100-ml aliquots of the super-
natant (containing 32P-labeled inorganic phosphate) were counted in a Beckman
LS 3801 scintillation counter. The ATPase activity at each time point was cal-
culated by subtracting the final counts per minute from the initial background
counts per minute. Three independent experiments were performed as de-
scribed, and at least six measurements of ATPase activity were determined for
each experimental condition. Data were normalized to the ATPase activity of
Hsc70 alone.

Nucleotide binding assay. Measurement of nucleotide species bound to Hsc70
was determined by previously described methods (23, 26). Briefly, 1 mg of Hsc70
was incubated with 1 mg of recombinant CHIP, Hsp40, and/or BAG-1 in 25 ml of
buffer C containing 1 mCi of [a-32P]ATP (3,000 Ci/mmol). Under these condi-
tions, ATP is rapidly hydrolyzed (within 1 min), consistent with previous reports
(26), and ADP dissociation can be measured. After 20 min, nucleotides bound to
Hsc70 were separated from the free nucleotides by size exclusion chromatogra-
phy using a G-50 spin column. Aliquots (2 ml) were analyzed by thin-layer
chromatography on Selecto cellulose-polyethyleneimine sheets, using 1 M formic
acid–1 M LiCl. Unlabeled ATP and ADP were run simultaneously as standards
and identified by UV light. Sheets were dried and exposed to film, and binding
of ATP and ADP was determined by densitometry.

Rhodanese aggregation assay. The aggregation of denatured rhodanese was
measured by a modification of the protocol described by Minami et al. (26).
Bovine liver rhodanese (30 mM; Sigma) was denatured in 6 M guanidine-HCl–30
mM morpholinepropanesulfonic acid (MOPS)-KOH (pH 7.2)–2 mM DTT at
room temperature for 30 min. The denatured rhodanese was diluted to a final
concentration of 1.2 mM in buffer E (10 mM MOPS-KOH [pH 7.2], 50 mM KCl,
3 mM MgCl2, 2 mM ATP, 2 mM DTT) in the presence or absence of 4 mM
Hsp70, 2.5 mM Hsp40, and/or 2.5 mM recombinant hCHIP. The aggregation of
rhodanese was measured by the absorbance of light at 340 nm. The measured
optical densities were normalized (to account for the addition of different pro-
teins to the wells) to the zero reading for each individual well and the increase
in absorbance plotted as a percentage of the total increase for rhodanese alone.
Each condition was repeated for a total of eight replicates. Absorbance curves
were drawn using Microsoft Excel 98 to a polynomial of the fourth order.

Denatured luciferase binding assay. Binding of denatured luciferase to Hsc70
was performed with modifications of a previously described method (26). Hsc70
(0.57 mM) was incubated in the presence or absence of CHIP (1.1 mM) and/or
Hsp40 (1.1 mM) in 50 ml of buffer C with 2 mM ATP for 5 min at 25°C.
Luciferase, which was denatured as described for the luciferase folding assay, was
added to a concentration of 0.16 mM, and the reaction mixture was incubated
again for 15 min. Proteins interacting with Hsc70 were immunoprecipitated with
the W27 antibody and washed as described above. The samples were separated
by SDS-PAGE and blotted with an antiluciferase antibody (Rockland Immuno-
chemicals).

Luciferase folding assay. Refolding of thermally denatured firefly luciferase
was performed with modifications of the procedure described by Lu and Cyr
(24). Luciferase (14.8 mg/ml; Promega) was diluted to 129 nM in buffered
solution (25 mM HEPES, pH 7.4, 50 mM KCl, 5 mM MgCl2) and denatured by
heat at 42°C for 20 min. During this time, reaction tubes containing 0.2 mM
Hsp70 and/or 0.4 mM Hsp40 in the absence or presence of 0.4 mM recombinant
hCHIP in 50 ml in the same buffered solution with 1 mM ATP were prepared on
ice. Refolding assays were initiated by adding 2 ml of denatured luciferase to
these reaction tubes at 30°C. At various time points from 0 to 120 min, 2-ml
aliquots were removed from the reaction tubes and mixed with 60 ml of luciferase
assay reagent (Promega) to measure luciferase activity on a Packard TopCount
Microplate scintillation counter. Luciferase activity for each reaction was nor-
malized to luciferase in refolding buffer alone. Experiments were repeated for a
total of at least 12 measurements of refolding activity for each experimental
condition. Refolding curves were drawn using Microsoft Excel to a polynomial of
the second order.

Nucleotide sequence accession numbers. Nucleotide sequences for Drosophila,
human, and mouse CHIP have been deposited in GenBank and assigned acces-
sion no. AF129084, AF129085, and AF129086, respectively.

RESULTS

Cloning of a novel TPR-containing protein from human
heart. We screened a human heart cDNA library at low strin-
gency with the cDNA fragment of human CyP-40 correspond-
ing to its three carboxy-terminal TPR domains (21). Of 12
positive colonies, 8 contained human CyP-40 sequences and 4
encoded a novel partial cDNA sequence. The full-length
cDNA of the novel sequence is 1,286 nucleotides in length and
contains a single open reading frame encoding a deduced

amino acid sequence of 303 residues (Fig. 1A), thus predicting
a translated protein of 34.8 kDa. In vitro transcription and
translation using this cDNA as a template produced a specific
protein product of the expected size (Fig. 1B), validating the
predicted open reading frame. The primary amino acid se-
quence contains three 34-amino-acid TPR domains at its
amino terminus, a central domain rich in charged residues, and
two potential nuclear localization signals. The amino terminus
shares similarity with many TPR-containing proteins (Fig. 1C),
most particularly those that interact with members of the heat
shock protein family: Hip, protein phosphatase 5, and CyP-40.
The carboxy-terminal region contains no defining structural
motifs, although amino acids 218 to 293 show approximately
50% similarity with three proteasome-linked proteins, UFD2,
NOSA, and the p40 subunit of the 26S proteasome (9, 19, 30).

We cloned the mouse and Drosophila homologues of this
protein, which we have termed CHIP, to determine its conser-
vation across species and define potential functional domains.
Compared with the human amino acid sequence, we found
97% identity and 98% similarity with the mouse sequence and
53% identity and 60% similarity with the Drosophila sequence
(Fig. 2). Remarkably, the most highly conserved region is com-
prised of the 94 residues of the carboxy terminus, which have
87% similarity among these species. Whereas the amino-ter-
minal residues place CHIP in the general category of TPR-
containing proteins, the unique, highly conserved carboxyl ter-
minus suggests a cellular function different from that of other
members of this class.

Tissue distribution of CHIP. As a first step in the charac-
terization of CHIP, we examined the expression of its mRNA
in human tissues and cell lines by Northern blot analysis. Hy-
bridization with the full-length hCHIP cDNA resulted in a
single band approximately 1.3 kb in size (Fig. 3A). CHIP was
most highly expressed in human striated muscle (skeletal mus-
cle and heart), with somewhat lesser expression in pancreas
and brain and relatively little message present in lung, liver,
placenta, and kidney. In tissue culture, CHIP mRNA was easily
detected in most human cell lines and primary culture cells
tested (Fig. 3B). The major exceptions were cells of hemato-
poietic origin (IM-9 lymphoblastoid and U937 monocytic cells)
and HCN-1A undifferentiated neuronal cells.

Intracellular localization of CHIP. We expressed fusions of
full-length hCHIP with GFP by transient transfection in COS-7
cells to localize expression of CHIP within the cell. As controls,
we also expressed GFP alone and GFP fused to a nuclear
localizing fragment of GKLF (32), using the same method. The
GKLF fragment localized GFP to the nucleus (Fig. 4, upper
right), and GFP alone exhibited diffuse expression throughout
the cell (lower right). In contrast, hCHIP localized GFP strictly
to the cytoplasm in a diffuse pattern (upper left). Thus, in spite
of having two potential nuclear localization signals, the CHIP-
GFP fusion protein localizes to the cytoplasm. Based on these
experiments, however, we cannot exclude the possibility that
native CHIP is transported out of the cytoplasm in response to
an appropriate stimulus.

CHIP interacts with Hsp70 and Hsc70 in the yeast two-
hybrid system. We used the yeast two-hybrid system (13) to
identify proteins that interact with hCHIP. A bait vector was
constructed to express full-length hCHIP fused to the GAL4
DNA-binding domain. We screened a human heart cDNA
expression library with this construct and identified 10 positive
(His1 LacZ1) clones from 2.5 3 106 transformants. Of these,
five encoded fragments of Hsc70 and three encoded fragments
of Hsp70 in frame with the GAL4 activation domain. All
clones identified contained the carboxyl terminus of either
Hsp70 or Hsc70; the shortest clone encoded 225 amino acids of
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the carboxy-terminal domain of Hsp70. CHIP did not interact
with p53, the simian virus 40 large T antigen, or GAL4 alone
in this assay, nor did Hsc70 or Hsp70 interact with lamin C or
GAL4 alone, demonstrating the specificity of these in vivo
interactions.

CHIP interacts with Hsc70 and Hsp70 in vitro. We per-
formed in vitro binding assays using a GST-hCHIP fusion
protein to confirm the interactions between CHIP and Hsc70

detected in the yeast two-hybrid screen and to exclude the
possibility that these interactions were indirect, requiring ad-
ditional proteins. Hsc70 and Hsp70 both bound to GST-
hCHIP but not to GST alone (Fig. 5A). In contrast, Hsp40 did
not interact with hCHIP in this assay (Fig. 5B), although it did
interact specifically with the carboxy-terminal residues 540 to
650 of Hsc70 (a test of the binding activity of this Hsp40
preparation), as has been shown previously (8). It should be

FIG. 1. The hCHIP cDNA. (A) The complete nucleotide (upper line) and deduced amino acid (lower line) sequences of hCHIP. Residues comprising the TPR
domains are singly underlined, a region rich in highly charged residues is doubly underlined, and a sequence similar to ubiquitin-proteasome-related proteins is dash
underlined. Potential nuclear localization signals are in boldface. (B) In vitro transcription and translation of the hCHIP cDNA in the sense (T3) and antisense (T7)
directions demonstrates a major band migrating with the 35-kDa molecular weight marker (position indicated on the left). The faster-migrating species likely represents
a degradation product and was noted with in vitro but not in vivo protein expression. (C) Comparison of the TPR motifs of hCHIP with those of human Hip, protein
phosphatase 5 (PP5), and CyP-40 (CYP) defines a consensus sequence for this class of TPR domains.
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noted that these binding assays were performed in the absence
of ATP. Neither ATP nor ADP influenced the affinity of
hCHIP for Hsc70 in these assays (not shown). These experi-
ments demonstrate that CHIP interacts specifically with Hsc70
and Hsp70 in in vitro binding assays in an ATP-independent
fashion.

CHIP interacts with Hsc70 in vivo. We performed coimmu-
noprecipitation experiments to demonstrate that the interac-
tions between CHIP and Hsc70-Hsp70 identified in the in vitro
binding assays and in the yeast two-hybrid system also occur
under physiologic conditions in mammalian cells. Immunopre-
cipitates of human skeletal muscle cellular lysates using a poly-
clonal anti-hCHIP antibody contained, in addition to hCHIP
itself (not shown), a single, specific 73-kDa band which was
identified by an anti-human Hsp70-Hsc70 monoclonal anti-
body. This band is identical in size to the band identified by this
antibody in whole-cell lysates (Fig. 5C) and comigrates with
purified Hsc70 (not shown). Similarly, immunoprecipitates of
skeletal muscle lysates obtained by using an anti-Hsp70-Hsc70-
agarose conjugate contained a 35-kDa band recognized by the
anti-hCHIP antiserum and identical in size to hCHIP (Fig.
5D). In contrast, the specific 35-kDa band was not detected
after immunoprecipitation with a monoclonal mouse IgG rec-
ognizing nitric oxide synthase. hCHIP was also not detected
after immunoprecipitation with rabbit preimmune serum or
other nonspecific antibodies (not shown). Given the concor-
dance of these data with those from the yeast two-hybrid sys-
tem, it is most likely that these experiments indicate the for-
mation of stable complexes between hCHIP and Hsc70-Hsp70
under physiologic conditions in mammalian cells, although the
possibility that complexes were formed after lysis cannot be
excluded.

CHIP interacts with the carboxy-terminal domain of Hsc70
in vitro. To characterize the Hsc70 domains necessary for
interaction with CHIP, we tested binding between 35S-labeled,
in vitro-translated hCHIP and a series of GST-Hsc70 amino-
and carboxy-terminal deletion mutants (37). These mutants
were designed to delineate the binding activity of the nucle-
otide-binding domain (amino acids 1 to 138), the substrate-
binding domain (amino acids 383 to 543), and the carboxy-
terminal domain (amino acids 540 to 650) of Hsc70. Affinity
purification of the GST fusions by glutathione-Sepharose chro-
matography was efficient and nearly equivalent after the bind-
ing reactions, demonstrating appropriate folding of the fusion
proteins (Fig. 6A). hCHIP bound to the carboxy-terminal
Hsc70 fragments containing amino acids 373 to 650 and 540 to
650 but not to fragments lacking amino acids 540 to 650 or to

FIG. 2. Comparison of the human, mouse, and Drosophila CHIP amino acid sequences. The deduced amino acid sequences derived from the human, mouse, and
Drosophila open reading frames (ORFs) were aligned with GeneWorks 2.5.1. Similar or identical residues are boxed.

FIG. 3. Tissue distribution of hCHIP. (A) Northern analysis was performed
with a hCHIP cDNA probe on polyadenylated RNA from human tissues. A
single hCHIP mRNA transcript of approximately 1.3 kb is visible. Filters were
hybridized with b-actin to visualize RNA loading. (B) Northern analysis was
performed as described above with 10 mg of total RNA from the cell lines
indicated. HASMC, human aortic smooth muscle cells; HuSkMC, human skel-
etal muscle cells; HUVEC, human umbilical vein endothelial cells.
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GST itself (Fig. 6B). Consistent with our observations in the
yeast two-hybrid system, the carboxy-terminal domain seems to
be both necessary and sufficient for hCHIP interaction with
Hsc70, whereas the ATPase and substrate-binding domains of
Hsc70 are expendable. This specific interaction provides the
basis for defining this protein as CHIP, carboxyl terminus of
Hsc70-interacting protein.

The TPR domain of CHIP is necessary but not sufficient for
binding with heat shock proteins. We created a series of
hCHIP fragments fused to GST to determine the domains of
CHIP that are required for protein-protein interactions with
heat shock proteins. The constructs generated, in relationship
to hCHIP domains, are shown in Fig. 7A. Binding of these
GST fusions with Hsp70 and Hsc70 was tested by in vitro
binding assays. Whereas full-length hCHIP interacted with
Hsc70 in these experiments, fusions containing amino acids
143 to 303 alone did not (Fig. 7B), demonstrating the impor-
tance of the amino terminus of CHIP in these interactions.
Amino acids 1 to 142, which contain the three TPR domains,
were not sufficient for this interaction either; instead, residues
143 to 197 were also required for binding with Hsc70 to occur.
As expected, similar binding requirements were found for in-
teractions with Hsp70. Although both Hip and Hop interact
with Hsc70 by means of TPR domains (8), these experiments
establish that both the TPR domain and an adjacent charged

domain are required for interactions between CHIP and heat
shock proteins.

Effects of recombinant hCHIP on ATPase and chaperone
activities of heat shock proteins. Hsp70 and Hsc70 contain an
amino-terminal ATP-binding domain. The intrinsic ATPase
activity of these proteins is facilitated by cofactors such as Hip
and Hsp40 (17, 23). This cycle is necessary for peptide binding
and folding, the so-called chaperone activity of heat shock
proteins (reviewed in reference 28). Given the interactions of
CHIP with Hsc70 and Hsp70, we examined whether hCHIP
had an effect on their ATPase and chaperone activities, in the
presence or absence of Hsp40. Recombinant hCHIP expressed
in bacteria was used in these studies, given the precedence for
retention of ATPase and folding activity when other proteins
have been expressed in this system (17, 26, 27). We confirmed
that recombinant hCHIP retained binding activity to Hsc70, to
ensure that it is correctly folded and processed in bacteria (not
shown). The rate of ATPase activity of Hsc70 was significantly
(11-fold) increased by the addition of Hsp40 (P , 0.05 [Fig.
8A]), consistent with previous observations (11, 17). hCHIP
had little effect on basal Hsc70 ATPase activity but significantly
blunted the augmentation of Hsc70 activity by Hsp40 (P ,
0.05). In similar experiments performed with Hsp70, the basal
ATPase activity of Hsp70 was higher and the enhanced induc-
tion by Hsp40 was lower in comparison with Hsc70 (Fig. 8A),

FIG. 4. Cellular localization of hCHIP. COS-7 cells were transiently transfected with GFP fusion plasmids, and localization was assessed by direct epifluorescence
48 h after transfection. Upper left, expression of GFP-hCHIP fusions detected by epifluorescence with cytoplasmic localization; lower left, the same field analyzed by
light microscopy; upper right, expression of GFP-GKLF fusion demonstrating nuclear expression; lower right, GFP alone demonstrating both nuclear and cytoplasmic
localization. Original magnification, 3100.
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which likely reflects some Hsp40-like activity contaminating
the preparation of Hsp70. In spite of this, CHIP blocked the
ATPase activity of Hsp70 and Hsp40 to a degree similar to that
observed for Hsc70 and Hsp40 (P , 0.05).

The effects of CHIP on ATPase activity could be due to
interference with ATP binding, inhibition of ATP hydrolysis,
or modulation of nucleotide release. We performed thin-layer
chromatography to determine whether CHIP affected the nu-
cleotide-bound state of Hsc70 under steady-state conditions.
Under these conditions, ATP is limiting and is rapidly and
nearly completely hydrolyzed to ADP. Consistent with previ-
ous reports (16), BAG-1 potently stimulated release of bound
ADP from Hsc70 (Fig. 8B). By comparison, hCHIP did not
elicit nucleotide release from Hsc70, whether or not Hsp40 was
present, suggesting that its regulation of Hsc70 function is not
dependent on modulation of nucleotide release.

We measured aggregation of denatured rhodanese by spec-
trophotometry to assess the effect of hCHIP on Hsp70 sub-
strate binding. Under the conditions used, rhodanese alone
maximally aggregated after 2.5 min (Fig. 9A). hCHIP alone
had no effect on rhodanese aggregation. Addition of Hsp70
and Hsp40 reduced rhodanese aggregation by 30%, indicative
of binding to denatured rhodanese. Addition of hCHIP mark-
edly reduced the ability of Hsp70 and Hsp40 to inhibit rho-

danese aggregation, and aggregation of denatured rhodanese
in the presence of hCHIP, Hsp70, and Hsp40 at 5 min was no
different from that of rhodanese alone. To confirm these re-
sults, we measured the ability of Hsc70 to interact with dena-
tured luciferase by coimmunoprecipitation with an anti-Hsc70
antibody. Denatured luciferase was present in immunoprecipi-
tates when incubated with Hsc70 or Hsc70 plus Hsp40 (Fig.
9B). However, recovery of luciferase was significantly retarded
when hCHIP was incubated with either Hsc70 or Hsc70 plus
Hsp40. Taken together, these data indicate that hCHIP blocks
the ability of the Hsp70-Hsp40 complex to bind denatured
luciferase or prevent aggregation of denatured rhodanese, pre-
sumably by interfering with binding of substrates to Hsc70-
Hsp70.

We used the well-characterized luciferase refolding assay as
a measure of Hsp70 chaperone function. CHIP alone had little
effect on the rate of luciferase refolding, when corrected for
that which occurred in buffer alone (Fig. 9C). Hsp70 markedly
enhanced the rate of refolding, an effect which was potentiated
by Hsp40. In contrast, hCHIP decreased the folding activity of
Hsp70 or Hsp70-Hsp40 by 65 or 64%, respectively. The extent
to which hCHIP inhibited refolding was similar regardless of
whether hCHIP protein was present in molar excess or molar
equivalency with other proteins in the assay (not shown), in-
dicating that specific interactions with Hsp70, rather than non-
specific competition for substrates, is the more likely explana-
tion for these results. These experiments indicate that CHIP

FIG. 5. CHIP interacts with both Hsp70 and Hsc70 in vitro and in vivo. (A)
Binding assays were performed with 1 mg of Hsp70 or Hsc70 plus 15 mg of GST
or GST-hCHIP bound to glutathione-Sepharose 4B beads. Western blots were
probed with an anti-Hsp70-Hsc70 monoclonal antibody. The protein lane con-
tains 1 mg of the specific protein indicated at the left. Sizes are indicated in
kilodaltons. (B) Binding assays were performed with 1 mg of Hsp40 plus 15 mg of
GST, GST-hCHIP, GST-Hsc70(540-650), or GST-Hsc70(1-540). Western blots
were probed with an anti-Hsp40 polyclonal antibody. The protein lane contains
1 mg of Hsp40. (C) Human skeletal muscle whole cell lysates were immunopre-
cipitated with rabbit immune serum to hCHIP or rabbit preimmune serum and
analyzed by Western blotting with an anti-Hsp70-Hsc70 monoclonal antibody.
Human skeletal muscle whole-cell lysates (50 mg) were loaded as a control. The
two bands between 47 and 73 kDa are nonspecific (NS); the lower band is the
heavy chain of IgG. (D) Human skeletal muscle whole-cell lysates were immu-
noprecipitated with an anti-Hsp70-Hsc70 monoclonal antibody or a monoclonal
antibody recognizing nitric oxide synthase (Nonspecific) and analyzed by West-
ern blot with rabbit anti-hCHIP serum. Whole-cell lysates (50 mg) were loaded
as a control. The specific 35-kDa band seen in whole-cell lysates was detected
only in immunoprecipitates obtained with the anti-Hsp70-Hsc70 antibody.

FIG. 6. CHIP interacts with the carboxy-terminal domain of Hsc70 in vitro.
Binding assays were performed with 3 ml of in vitro translation mixture contain-
ing 35S-labeled hCHIP with 3 mg of GST-Hsc70 deletion mutants. (A) Coomassie
blue staining of the SDS-polyacrylamide gel demonstrates equivalent loading and
appropriate folding of the fusion proteins. In vitro-translated 35S-labeled hCHIP
is not visualized by Coomassie blue staining. Sizes are indicated in kilodaltons.
(B) An autoradiogram of a duplicate gel shows that binding of the 35S-labeled
hCHIP occurs to the carboxy-terminal GST-Hsc70 fusion proteins containing
amino acids 373 to 650 and 540 to 650 of Hsc70 but not to those containing
amino acids 1 to 540 or 373 to 540. An aliquot of 35S-labeled hCHIP was loaded
into the last lane; lower-molecular weight species represent degradation of the in
vitro-translated protein.
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functions at least in part as a negative regulator of Hsp70- and
Hsc70-mediated chaperone functions. This occurs, most likely,
by inhibiting the forward reaction of the substrate-binding cy-
cle, resulting in lower substrate affinity of Hsc70 and Hsp70.

DISCUSSION

TPR domain-containing proteins participate in a variety of
cellular functions, and whereas many of these proteins do not
interact with heat shock proteins, a specific subset does. As
demonstrated here, CHIP is a previously undescribed cytoplas-
mic protein that can complex with Hsc70 and Hsp70. CHIP is

distinguished by the degree to which its amino acid sequence is
conserved across species, from Drosophila to humans. As ex-
pected, the three TPR domains are highly conserved (70%
similarity across all three species); even more remarkable is the
similarity across species in the carboxy-terminal region (87%
similarity from amino acids 210 to 303 of the human se-
quence). The CHIP carboxy-terminal domain is not similar in
sequence to that of any other protein known to interact with
heat shock proteins, such as cyclophilins or molecular chaper-
ones, making it likely that the cellular function of CHIP is
unique among heat shock protein-interacting proteins.

Examination of the tissue distribution of CHIP mRNA re-

FIG. 7. The TPR domain of CHIP is necessary but not sufficient for binding with Hsp70 and Hsc70. (A) Diagram depicting the location of the TPR, charged, and
UFD2-like domains within the CHIP coding region. The diagram also shows the constructs of the GST-hCHIP fusion proteins that contain one or more of these
domains. (B) Binding assays were performed with 1 mg of Hsp70 or Hsc70 and 15 mg of GST or GST-hCHIP fusion proteins bound to glutathione-Sepharose 4B beads.
Western blots were probed with an anti-Hsp70-Hsc70 monoclonal antibody. The protein lane contains 1 mg of the specific protein indicated at the left. Sizes are
indicated in kilodaltons.
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veals notable differences in its expression. In the adult human,
expression is highest in striated muscle (skeletal muscle and
heart), less in the pancreas and brain, and negligible in other
tissues. Common features of the highly expressing organs in-
clude a large proportion of terminally differentiated, nonpro-
liferating cells and relatively high levels of metabolic activity.
CHIP is also expressed in a developmentally and spatially
regulated fashion in the mouse embryo, particularly in the
developing nervous system and during the course of cardiac
and skeletal myogenesis (28a). The functional significance of
the tissue-restricted expression pattern of CHIP in vivo is not
clear at present, although it is possible that CHIP is associated
in some way with developmental processes in the nervous sys-
tem and muscle. An appreciation for the general role of Hsc70-
related proteins in the control of developmental processes (for
example, regulation of WT1 activity) is emerging (1, 25).

The presence of multiple TPR domains in CHIP suggested
to us that CHIP participates in interactions with other pro-
teins. We used the yeast two-hybrid system to define potential
CHIP binding partners in vivo, and we found both Hsc70 and
Hsp70 to be the most frequently identified interaction part-
ners. There is concern that interactions with Hsp70 or Hsc70 in
this assay may reflect a nonspecific interaction with bait pro-
teins that misfold in yeast; interactions of this type would
represent Hsc70-Hsp70 chaperone activities rather than func-
tional protein-protein interactions. However, four lines of ev-
idence suggest that this is not the case: (i) these interactions
are also detected in vitro with bacterially expressed and in
vitro-translated CHIP; (ii) the interaction domain of CHIP
contains TPR motifs similar to those of other members of heat
shock protein-associated complexes; (iii) CHIP interacts with
the carboxy-terminal domain of Hsp70 and Hsc70 in vitro and
in vivo, rather than with their substrate-binding domains,
which are known to interact with misfolded proteins (5); and
(iv) CHIP-Hsc70 complexes can be detected in vivo by immu-
noprecipitation. Based on the interactions observed in vitro
and in vivo, we consider CHIP to be a bona fide interaction
partner with Hsp70 and Hsc70.

A number of other proteins interact with Hsp70 and Hsc70
to regulate their cellular functions. Hip and BAG-1 interact
with the ATPase domain to stabilize ADP binding and stimu-
late its release, respectively (17, 35, 39), and auxilin binds the
ATPase domain to assist in uncoating clathrin-coated vesicles
(36, 37). In addition to mediating homo-oligomeric interac-
tions of Hsc70 and Hsp70 (2), the 10-kDa carboxy-terminal
domain (amino acids 537 to 646 of Hsc70) provides noncom-
petitive and probably independent binding sites for Hop and
Hsp40 (8). Hop serves as an organizing factor mediating the
interactions between Hsp70 and Hsp90 (6, 34), whereas Hsp40
is a cochaperone that enhances ATPase activity and stable
associations with unfolded peptides (11, 26). We now demon-
strate that the carboxy-terminal domain is both necessary and
sufficient for interactions between CHIP and Hsp70-Hsc70,
making CHIP the third member of the group of known car-
boxyl terminus-binding proteins. We do not yet know whether
CHIP interacts with either the Hsp40 or Hop binding site or
whether there is a distinct binding site for CHIP in the carboxy-
terminal domain. Both Hop and CHIP are TPR domain-con-
taining proteins, which suggests that they may interact with
Hsc70 and Hsp70 through common mechanisms; however, it is
equally plausible that CHIP interacts in some way with the
Hsp40 binding site, since the biochemical properties of CHIP
could be explained by interference of Hsp40 binding with
Hsc70.

It is notable that CHIP, which binds to the carboxyl termini
of Hsc70 and Hsp70, shows strong structural similarities with
TPR domain-containing proteins (Hip, Cyp-40, and protein
phosphatase 5) that interact with Hsp90 or with the ATPase
domains of Hsc70 and Hsp70 (Fig. 1C). This finding suggests
that TPR motifs of proteins that interact with members of the
heat shock protein family form a structurally related subset
within the larger family of TPR-containing proteins. If this is
indeed the case, what then determines the specificities of in-
teractions with heat shock proteins? Although the answer to
this question is likely to be determined by structural compar-
isons, it is worth noting that the TPR domains of CHIP alone

FIG. 8. Effects of CHIP on ATPase activities and nucleotide binding of heat shock proteins. (A) The ATPase activities of Hsc70 (black bars) and Hsp70 (white bars)
were measured over 20 min in the presence or absence of CHIP, Hsp40, and/or Hsp90 as indicated. Data were normalized to the ATPase activity of Hsc70 alone. p
(or †) indicates a significant difference (P , 0.05) between the ATPase activity of Hsc70 alone (or Hsp70 alone) and Hsc70 plus Hsp40 (or Hsp70 plus Hsp40). pp (or
††) indicates a significant difference (P , 0.05) between the ATPase activity of Hsc70 plus Hsp40 (or Hsp70 plus Hsp40) and Hsc70 plus Hsp40 plus CHIP (or Hsp70
plus Hsp40 plus CHIP). Each condition was repeated for a total of six replicates. (B) The nucleotide species bound to Hsc70 in the absence or presence of CHIP, Hsp40,
and/or BAG-1 was determined by thin-layer chromatography. A representative autoradiograph is shown.
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are necessary but not sufficient for interactions with Hsc70 and
Hsp70 (Fig. 7) and that an adjacent charged domain is also
required. Since a positively charged domain adjacent to the
TPR domain of Hip is similarly required for interactions with

the ATPase domain of Hsc70 (18), it is possible that the bind-
ing specificities for this class of TPR-containing proteins are
determined by sequences adjacent to the TPR domains.

Previously, three proteins have been shown to regulate the
Hsc70-Hsp70 substrate-binding cycle. Hsp40 enhances the for-
ward reaction of this cycle by increasing Hsc70 ATPase activity
and thus promoting the formation of the ADP-bound, high-
substrate-affinity Hsc70 conformation (26). Hip stabilizes
ADP-bound Hsc70 (17); therefore, both Hip and Hsp40 en-
hance Hsc70-mediated refolding. The antiapoptotic protein
BAG-1 has been shown recently to facilitate the reverse reac-
tion by promoting the exchange of ATP for ADP and release
of substrate (16); BAG-1 therefore opposes the actions of Hip
and attenuates Hsc70 chaperone activity. Whereas Hip might
be considered to antagonize the reverse reaction of the Hsc70
cycle, a negative regulator of the forward reaction has not been
described. Based on its ability to decrease the ATPase activity
of Hsp70 and Hsp40, CHIP is the first described candidate
protein to inhibit the forward reaction cycle. Consistent with
this role, CHIP inhibits luciferase refolding and substrate bind-
ing that occurs in the presence of Hsp70 and Hsp40, although
CHIP has no effect by itself in either of these assays. Based on
these results, a model can be proposed whereby CHIP and
BAG-1 act on the forward and reverse Hsp70-Hsc70 reaction
cycles, respectively, to maintain the low substrate affinity con-
formation; in contrast, Hip and Hsp40 coordinately regulate
the two cycles to favor the ADP-bound state (Fig. 10). Poten-
tial molecular mechanisms for the effects of CHIP on the
reaction cycle include prevention of ATP binding or inhibition
of ATP hydrolysis; future studies will be needed to address
these possibilities.

At present, it is unclear whether the effects of CHIP on the
Hsp70-Hsc70 substrate-binding cycle are mediated solely
through the TPR and charged domains (perhaps by competing
with or otherwise altering the affinity of Hsp40 for binding to
Hsc70) or whether the highly conserved carboxy-terminal do-
main also regulates Hsc70-related functions in some way. The
three proteins sharing similarity with this domain—UFD2,
NOSA, and the p40 subunit of the 26S proteasome—have

FIG. 9. Effects of CHIP on chaperone functions of heat shock proteins. (A)
The aggregation of rhodanese was measured at 340 nm over 5 min in the absence
(}) or presence of CHIP (E), Hsp70-Hsp40 (h), or CHIP-Hsp70-Hsp40 (Œ).
The measured optical densities were normalized to the zero reading for each
individual well, and the increase in absorbance was plotted as a percentage of the
total increase of rhodanese alone. Each condition was repeated for a total of
eight replicates, and points represent the mean 6 standard error of the mean.
(B) Binding assays were performed with denatured luciferase (Luc) and Hsc70 in
the presence or absence of hCHIP and/or Hsp40. Binding of denatured lucif-
erase was measured by coimmunoprecipitation using an anti-Hsc70 antibody,
followed by blotting with an antiluciferase antibody. A representative experiment
is shown. (C) Luciferase activity was measured as an indication of refolding after
thermal denaturation. The refolding reactions were performed with Hsc70 (‚),
Hsp40 (E), or both (M) in the absence (open symbols) and presence (closed
symbols) of CHIP (}, CHIP alone). Luciferase activity was measured at various
intervals between 0 and 120 min, and the activity for each reaction was normal-
ized to luciferase in refolding buffer alone. Each condition was repeated for a total
of 12 replicates, and points represent the mean 6 standard error of the mean.

FIG. 10. Model of the eukaryotic reaction cycle in the presence of CHIP,
Hsp40, Hip, and BAG-1. The forward reaction, in which ATP is hydrolyzed to
ADP and inorganic phosphate (Pi) is released, is enhanced by Hsp40. The
biochemical data suggest that CHIP blocks this forward reaction. Hip stabilizes
the ADP-bound, high-substrate-affinity conformation of Hsc70 and thus en-
hances chaperone activity. Conversely, BAG-1 accelerates nucleotide exchange,
promoting substrate release and the formation of the low-substrate-affinity,
ATP-bound conformation of Hsc70. In this model, both BAG-1 and CHIP would
favor the low-affinity Hsc70 conformation, whereas Hip and Hsp40 would favor
the high-affinity conformation. CTD, carboxy-terminal domain.
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functions linked to the ubiquitin-proteasome pathway (9, 19,
30). Although a function has not yet been ascribed to the
similar region in any of these proteins, it is tempting to spec-
ulate that CHIP may serve in some way to mediate interactions
between the chaperoning and ubiquitin-proteasome systems,
as Hsc70 and Hsp70 are required for ubiquitin-dependent deg-
radation of some, but not all, protein substrates (3, 10). The
amino acid sequence similarities between proteasome-associ-
ated proteins and CHIP, a regulator of the Hsc70-Hsp70 sub-
strate-binding cycle, emphasize the need to define better the
relationship between chaperoning and proteolysis.
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16. Höhfeld, J., and S. Jentsch. 1997. GrpE-like regulation of the Hsc70 chap-

erone by the anti-apoptotic protein BAG-1. EMBO J. 16:6209–6216.
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18. Irmer, H., and J. Höhfeld. 1997. Characterization of functional domains of

the eukaryotic co-chaperone Hip. J. Biol. Chem. 272:2230–2235.
19. Johnson, E. S., P. C. M. Ma, I. M. Ota, and A. Varshavsky. 1995. A proteo-

lytic pathway that recognizes ubiquitin as a degradation signal. J. Biol. Chem.
270:17442–17456.

20. Kay, J. E. 1996. Structure-function relationships in the FK506-binding pro-
tein (FKBP) family of peptidylprolyl cis-trans isomerases. Biochem. J. 314:
361–385.

21. Kieffer, L. J., T. W. Seng, W. Li, D. G. Osterman, R. E. Handschumacher,
and R. M. Bayney. 1993. Cyclophilin-40, a protein with homology to the P59
component of the steroid receptor complex: cloning of the cDNA and fur-
ther characterization. J. Biol. Chem. 268:12303–12310.

22. Lamb, J. R., S. Tugendreich, and P. Hieter. 1995. Tetratrico peptide repeat
interactions: to TPR or not to TPR? Trends Biochem. Sci. 20:257–259.

23. Liberak, K., J. Marszalek, D. Ang, C. Georgopoulos, and M. Zylicz. 1991.
Escherichia coli DnaJ and GrpE heat shock proteins jointly stimulate
ATPase activity of DnaK. Proc. Natl. Acad. Sci. USA 88:2874–2878.

24. Lu, Z., and D. M. Cyr. 1998. The conserved carboxyl terminus and zinc
finger-like domain of the co-chaperone Ydj1 assist Hsp70 in protein folding.
J. Biol. Chem. 273:5970–5978.

25. Maheswaran, S., C. Englert, G. Zheng, S. B. Lee, J. Wong, D. P. Harkin, J.
Bean, R. Ezzell, A. J. Garvin, R. T. McCluskey, J. A. DeCaprio, and D. A.
Haber. 1998. Inhibition of cellular proliferation by the Wilms tumor sup-
pressor WT1 requires association with the inducible chaperone Hsp70.
Genes Dev. 12:1108–1120.
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